We report a structure-activity relationship of lithocholic acid amphiphiles for their anticancer activities against colon cancer. We synthesized ten cationic amphiphiles differing in nature of cationic charged head groups using lithocholic acid. We observed that anticancer activities of these amphiphiles against colon cancer cell lines are contingent on nature of charged head group. Lithocholic acid based amphiphile possessing piperidine head group (LCA-PIP 1 ) is ~10 times more cytotoxic as compared to its precursor. Biochemical studies revealed that enhanced activity of LCA-PIP 1 as compared to lithocholic acid is due to greater activation of apoptosis. LCA-PIP 1 induces sub G 0 arrest and causes cleavage of caspases. A single dose of lithocholic acid-piperidine derivative is enough to reduce the tumor burden by 75% in tumor xenograft model.
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MedChemComm www.rsc.org/medchemcomm Introduction: Colon cancer is third most malignant tumor type involving uncontrolled growth of cells in colon. 1 Many small molecule and antibody based therapeutics have been engineered and developed for cancer therapy to target this disease effectively. 2 Apart from genetic reasons, prolonged high consumption of western-type diet augments risk of colon cancer in majority of patients. Increase uptake of fatty diets need extensive recirculation of bile acids for its digestion. Therefore, colon epithelial cells gets enhanced exposure to these high concentration of bile acids. Clinical studies have revealed elevated levels of fecal secondary bile acids from patients diagnosed with colon cancer. 3 Therefore, bile acids are critical for pathogenesis of colon cancer progression and renewal of colon epithelium.
Bile acids are cholesterol-derived amphiphile molecules that help in absorption of fats and fat-soluble vitamins. 4 Primary bile acids like chenodeoxycholic acid and cholic acid are synthesized and secreted from liver and get re-circulated via portal system. 5 Gut microflora convert these primary bile acids to secondary bile acids, lithocholic acid and deoxycholic acid by de-hydroxylation. 6 High concentration of bile acids and its accumulation in the gut can induce apoptosis of colon epithelium. 7 Bile acid induced cytotoxicity causes colon cancer progression by disrupting the balance between cell growth and apoptosis, and helps in selection of bile acid resistant colon cancer cells. 8 Bile acids exercise their cytotoxic effect via different cellular mechanisms that is contingent on structure, hydrophobicity, and stereochemistry of bile acids. 9 Glycine and taurine conjugated primary bile acids are least toxic due to their low hydrophobicity, whereas unconjugated hydrophobic secondary bile acids are more cytotoxic. 10 Diverse cellular mechanisms including membrane disruptions, role of PKC, MAPK pathways, and nuclear factor-kappa β activation have been proposed for toxicity of bile acids. 11 Stenson and coworkers suggested the enantiospecific bile-acid mediated apoptosis in colon cancer cells. 12 Natural bile acids induce apoptosis, escalated cellular detachment and enhanced caspases-3 and -9 cleavage as compared to synthetic enantiomers of bile acids in HT-29 and HCT-116 cells. 13 Cationic lipid amphiphiles and their drug conjugates have been explored for potential biological activities as anticancer and antibacterial candidates as they have ability to interact with cellular membranes effectively due to their charged hydrophobic character. 14 Chikkara et al. synthesized lipophilic derivatives of anticancer drug doxorubicin for anticancer therapy 15 and Emtricitabine based prodrugs for enhanced anti-HIV activity. 16 Banerjee and co-workers synthesized haloperidol conjugated cationic lipids 17 and lipids targeting estrogen receptors for target delivery to cancer cells. 18 Sreekanth et al synthesized charged bile acid tamoxifen conjugates for breast cancer therapy and revealed that conjugation of multiple tamoxifen molecules to cationic cholic acid induces membrane perturbations and enhanced activity. 19 We have recently shown that conjugation of single-charged head groups on bile acids induces favorable interactions with model membranes and cancer cells for their cytotoxicity, whereas multi-headed amphiphiles does not interact with mammalian cells due to enhanced hydration barrier between amphiphiles and cellular membranes.
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In this paper, we hypothesize that anticancer activity of amphiphiles is contingent on nature of the singlecharged head group on lithocholic acid amphiphile. Therefore, we synthesized ten lithocholic acid based amphiphiles differing in nature of the charged head group attached to hydroxyl group of lithocholic acid.
Anticancer activities of these amphiphiles were investigated against three human colon cancer cell lines.
Annexin-FITC and cell cycle analysis were performed to study the mechanism of cellular death by these amphiphiles. We then evaluated in vivo anticancer potential of amphiphiles in tumor xenograft models, and analyzed the mechanism of activity in tumors.
Results and discussion:
Synthesis of amphiphiles: We synthesized and characterized ten amphiphiles ( Fig. 1) (Fig. 2) . Amphiphile LCA-PIP 1 is nearly 6-10 fold more cytotoxic as compared to lithocholic acid LCA, and 3-fold more effective than amphiphile LCA-AMM 1 bearing ammonium head group (Table 1) . Structure-activity studies revealed that aliphatic 6-membered head group based amphiphile LCA-PIP 1 is 2-3 fold more cytotoxic as compared to aromatic head group based amphiphile LCA-PYR 1 and 5-membered aliphatic derived amphiphile LCA-PYROL 1 as well. Introduction of a hydrophobic 6-membred piperidine head group allows its efficient interactions with intra-cellular targets making it more effective. Therefore, structure-activity studies conclude that anticancer activities of amphiphiles are strongly contingent on nature of the head group. As bile acids are known to bind with cell membrane TGR5 receptors, or nuclear FXR receptors; nature of the charged head group may help in preferential interactions of these amphiphiles with cell surface membrane receptors or intracellular receptors. We believe that nature of the head group may also help in preferential activation of death receptors, or intracellular proteins responsible for apoptosis; as these amphiphiles induce apoptosis by intrinsic and extrinsic pathways as described later.
Selectivity over normal cells:
We then studied the selectivity of most potent amphiphile LCA-PIP 1 over normal cells, and investigated the toxicity of amphiphile against macrophages (THP-1), CHO and A549, and Red blood cells. As shown in Fig. 3 , amphiphile LCA-PIP 1 is five times less toxic in normal macrophages as compared to colon cancer cells; and ~3-fold more selective for colon cancer cells over CHO cells. LCA-PIP 1 is also ~2-fold more selective over lung cancer A549 cells (Fig. 3) . As these are charged amphiphiles, we investigated the membrane disruptive character of amphiphile LCA-PIP 1 and performed the hemolytic assay. Amphiphile LCA-PIP 1 was found to be non-hemolytic against RBCs with MHC 50 > 1mM concentration. 20b These results suggest that lithocholic acid derived amphiphile LCA-PIP 1 is inducing the apoptotic machinery in colon cancer cells for its activity, and does not disrupt the cellular membranes in a detergent manner for its activity. We therefore investigated the mechanism of cell death induced by amphiphile LCA-PIP 1 against colon cancer cells.
Effect of Ester and Amide linkages:
In LCA-PIP 1 amphiphile, piperidine head group is conjugated to lithocholic acid through ester linkage. To explore the effect of linkage between piperidine head group and lithocholic acid, we synthesized an amide derivative of LCA-PIP 1 and compared the cytotoxicity of ester and amide derivatives of LCA-PIP 1 against three colon cancer cell lines (Fig. S1 , ESI). MTT studies suggested that ester derivative of LCA-PIP 1 is more effective than amide derivative of LCA-PIP 1 (Fig.   S1 , ESI) that might be due to easy cleavage of piperidine head group for enhanced activity.
Colony forming assay:
We then studied colony-forming ability of colon cancer cells on treatment with
LCA and LCA-PIP 1 at different concentrations. Treatment of LCA on these cells does not inhibit colony formation at 15, 25 and 50 µM conc. whereas LCA-PIP 1 on treatment at 15µM induces ~50% inhibition in HCT-116 cells (Fig. 4a) . We have not observed any colony on treatment with 50µM of LCA-PIP 1 .
Similarly treatment of LCA-PIP 1 inhibits colony formation in DLD-1 and HCT-8 colon cancer cells (Fig.   4b, c) . These studies conclude that introduction of single piperidine head group on LCA makes it highly active and inhibit colony-forming properties of cancer cells. usually reported in the studies. Single injection of 20 mg/kg body weight is able to reduce tumor volume by 75% as shown in Fig. 7 . We observed more than 50% decrease in tumor weight after 6-days of treatment. These studies conclude that introduction of a single piperidine head group on LCA make it highly potent anticancer agent.
Cell cycle and
In vitro and in vivo mechanism: To unravel the mechanism of cell death, we performed western studies in HCT-116 cells on treatment with LCA and LCA-PIP 1 to see the expression of caspases required for apoptosis. Western studies showed increased expression of pro-caspase 8 on LCA-PIP 1 treatment at low concentrations, which gets decreased at high concentration (Fig. 8a) . We observed increased levels of cleaved casapase-7 and caspase-3 on LCA-PIP 1 treatment. To determine the mechanism involved in tumor regression upon treatment with LCA-PIP 1 , we harvested tumors from mice and subjected them to western blot analysis for expression of caspases (Fig. 8b) . We observed the elevated expression of activated (cleaved) caspases 3, 7 and 8 in LCA-PIP 1 treated tumors as compared to vehicle control group (Fig. 8b) . Induction of apoptotic pathway leads to cascade of events, releasing various apoptotic mediators from mitochondria, and activation of caspase-3 and caspase-7 required for apoptosis. 21, 22 Caspase 3 that is critical for apoptosis by intrinsic apoptotic pathway and activation of caspase 8 critical for extrinsic apoptotic pathway. 23 Therefore these studies conclude that amphiphile LCA-PIP 1 induces tumor regression through activation of intrinsic and extrinsic pathways. Western blot studies in cell lysates and tumor samples: Tumors were harvested from control and treated NUDE mice. These tumors were then subjected to homogenization using RIPA lysis buffer.
Conclusions
Tumor lysates were loaded in equal concentration and then electro-transferred onto polyvinylidene fluoride membranes. Blots were then blocked with 5% non-fat dry milk (NFDM) dissolved in Trisbuffered saline containing 0.1% Tween 20 (TBST) for 2h at room temperature. Blots were washed three times with TBST and incubated overnight at 4°C, with specific primary antibodies in TBST containing 2% NFDM. Next day membranes were washed three times with TBST and incubated for 2h at room temperature with secondary horseradish peroxidase conjugated anti-mouse or anti-rabbit IgG in TBST containing 2% NFDM. Detection was performed using enhanced chemiluminescence reagent (ECL) and a bioluminescent image analyzer LAS-4000. Western blots were performed from lysates originating from at least two different tumors. Similarly, western blot studies were performed using cell lysates. 
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